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Abstract—In this paper, a novel method to detect the partial 
demagnetization in air-cored permanent-magnet (PM) Axial-Flux 
generators is proposed. Its principle is to monitor a speed-
normalized fault detection signal. This signal depends only on the 
demagnetization severity, as it was extracted using a flux-sensor 
with a span that negates the induced voltage under balanced 
conditions. The generator has been designed for marine renewable 
applications working under variable speed conditions rending PM 
health monitoring under nonstationary conditions imperative. 
Initially, a mathematical equation for the electromotive force 
(EMF) is derived under partial demagnetization conditions with 
the aim to extract the frequency components related to the fault. 
To estimate the demagnetization severity, an approach was 
developed based on the magnetic flux monitoring, which 
penetrates throughout the sensor. A 3-D finite-element model of 
the installed winding in the generator is employed to verify the 
proposed method under steady and variable speed conditions.  
 
Index Terms— Axial-Flux PM Generators, Partial 
demagnetization, fault diagnosis, Tidal current turbine. 
I. INTRODUCTION 
XIAL flux PM machines have been investigated to a 
significant degree during the past two decades, as they 
appear to be an attractive alternative to the conventional radial 
flux machines due to their higher torque density, compact 
construction and the feature to embed multiple stages together 
in a single construction [1]. High operational temperatures, 
armature reaction fields, oxidation, corrosion, manufacturing 
defects are the main reasons which rend all brushless PM 
machines to faulted operations [2]. More specifically, 
matullurgical variations in the material at high operating 
temperatures and oxidation lead a permanent-magnet in 
irreversible demagnetization. NdFeB magnets are prone to 
irreversible demagnetization due to poor thermal 
characteristics, low corrosion resistance under humid 
enviroments, and poor mechanical streingth which leads to 
decomposition due to corrosion, cracks or loss of small pieces 
in the edges [3]–[6]. The partially demagnetized machines 
demand a higher stator current to develop the same quantity of 
electromagnetic torque, causing serious thermal insulation 
stress, which significantly reduces their life expectancy [7]. 
Moreover, partial demagnetization increases the magnitude of 
higher force harmonic components leading tovibration and 
acoustic noise radiated from the machine [8] and  
alters the attraction between the rotor and the stator leading to 
a  change in the machines’ shaft trajectory [9].  
Generally there is a significant amount of work that has been 
done on the detection of the partial demagnetization fault in the 
past two decades [3], [5], [10]–[12]. 
 
Diagnostic methods based on the signature analysis of the 
machines’ parameters on frequency domain have been 
developed for the detection of the partial demagnetization fault 
based on the frequency domain. These methods are capable not 
only of detecting this specific fault online, but also 
distinguishing it with the dynamic eccentricity, as the two faults 
induce frequency components with the mechanical speed on 
machine quantities [11], [13]. 
However, these techniques use as fault index signature 
components in which their amplitudes are severely influenced 
by the winding configuration, [14]. As a result, in PM machines 
with parallel path windings, the current amplitude frequency 
components in branches can be used as a fault indicator [15]. 
PM machines with parallel path windings generate circulating 
currents which  flow between the branches depending on the 
impact of the fault on the field distribution [16], as it greatly 
influences these currents [17].  
Flux-based fault detection techniques using commercial flux 
sensors [12], [18]–[20]  or by using a number of search coils 
with a proper span [21]–[23] is a reliable,  low-cost and 
industrial applied method to extract fault indicator quantities. 
Their major advantage is the ability to measure the flux at 
various points and for specific surfaces in an electric machine; 
as a result, making it possible to exploit the consequences of a 
fault. By mounting search coils in the teeth of a PMSM, all 
faults can be detected and distinguished as every polar plot is 
unique [23]. Static eccentricity creates two air-gap regions 
where the air-gap has a higher or lower length compared two 
the healthy state and also two points where the air-gap variation 
is negligible. The aforementioned means that three search coils 
are required in order to detect the severity and minimum air-gap 
position of this fault [21]. A search coil was used to detect 
dynamic eccentricity [22] by monitoring the peak-to-peak 
magnitude of the speed normalized-voltage in time because the 
signal is zero as it is spanned  3 coils - 4 pole pitches.  
Partial demagnetization fault under transient operating 
conditions can be detected using time-frequency based signal 
processing algorithms in which every algorithm uses different 
transformation functions. STFT [24] has a steady window 
length, so fast transients cannot be analyzed with high 
resolution. CWT and DWT have a variable window length, so 
they are more appropriate for nonstationary signals with more 
rapid dynamics [5]. 
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Fig.  1.  Exploded wireframe model of the analyzed AFPM generator with the 
supplemental winding corresponding to a span of 3 coils and 4 pole pitches. (1) 
Rotor disc, (2) PM, (3) armature coil, and (4) supplemental winding. 
 
This paper proposes a method to detect partial 
demagnetization in axial-flux permanent magnet machines with 
the use of a supplemental winding on the air-gap with a span 
that negates the voltage. On a speed-transient state, the voltage 
signal has been normalized by the mechanical speed. Finally, 
Fig. 1 illustrates the wireframe model in an exploded view of 
the AFPM generator carrying the supplemental winding. 
II. MATHEMATICAL DERIVATION OF EMF DUE TO PARTIAL 
DEMAGNETIZATION 
A. EMF induced in a single coil of the stator winding under 
balanced conditions 
When the rotor of a coreless AFPM generator exhibits 
concentric motion without any fault on it, the air-gap length of 
the machine is constant, no matter the position of the rotor. The 
air-gap length of an air-cored double-rotor-single-stator AFPM 
generator can be considered as constant since there is no stator 
slotting effect; there is only the saliency effect, but in this 
analysis it is neglected. The air-gap length under healthy 
conditions is: 
                        2 2ideal PM wg h g t                                   (1)                                                     
Where hPM, g, and tw are the magnet height, the mechanical 
magnet to coil clearance, and the stator winding thickness. The 
air-gap permeance for a coreless AFPM generator without 
partial demagnetization or any other kind of fault is constant, 
and it is given by the following equation: 












                               (2) 
where μo, and μrrec is the permeability of free space and the 
relative recoil permeability of the magnet (μrrec 1). For Nd-Fe-
B magnets under low operational temperature, their BH 
characteristic can be considered approximately linear. The 
magneto-motive force (MMF) F developed from the PMs can 
be expressed using Fourier series composition as follows:  
            ,
2 1
( , ) cos( )PM sF t F p t 
 
    

 
                   (3) 
where μ=0,1,2,…, FPM,ν, φν, p, θ, ωs, and t are the magnitude, 
phase angle of the MMF for the νth contextually harmonic 
component, the number of pole pairs, an angle from a reference 
axis, angular electrical speed and the time variable, the 
magnetic flux density can be written as a product of the relative 
air-gap permeance function the PM magneto-motive force: 
                                        F                                           (4) 
Expanding (2) with binomial series and neglecting higher-order 
terms and then substituting the final expansion and (3) to (4) 
and executing the algebraic calculations it yields: 
             ,
2 1
( , ) cosPM sB t F p t 
 
     

 
                (5) 
Where α is a constant depending on the generator’s geometrical 
dimensions, given in the appendix. In order to calculate the 
magnetic flux Φ, the magnetic flux density wave along the 
middle air-gap facing an armature coil is integrated. 
Considering an angle element dθ which corresponds to a 
surface dS on the coil which a magnetic flux element dΦ 
penetrates through it. The magnetic flux can be formulated as 
follows: 





















                          (6) 
where ro, ri, c, and ξ are the outer and inner radius of the PMs, 
the total number of stator winding coils, and the ξth coil. The 
EMF induced in the ξth coil winding Eξ(t) can be calculated as 
the time derivative of the magnetic flux penetrating through the 
ξth coil with respect to time as follows: 








                                 (7) 
where Nc is the number of turns in a coil. After substituting (5) 
into (6), integrating along the middle of one of two air-gaps, and 
then differentiating with respect to time, the EMF induced in 
the ξth armature coil winding of the AFPM generator, under 
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where ωr is the mechanical speed. For a PM generator under 
balanced conditions, the induced EMF in the ξth coil distributed 
symmetrically in space along the periphery of the stator 
contains higher harmonic components that distort the 
fundamental one. Equation (8) expresses that in the ξth  stator 
coil will be induced harmonic components with frequencies νfs. 
The voltage in the analysis mentioned above describes the EMF 
or no-load voltage because the magnetic field created by the 
armature winding has not been taken into consideration. The 
induced voltage on the supplemental winding can be found by 
integrating the flux over the surface of the winding which is 4 
pole pitches, by substituting (5) into (6) and integrating over 
four pole pitches. 
B. EMF Induced in the supplemental winding due to partial 
demagnetization 
In order to calculate the EMF under partial demagnetization, 
the proper relative air-gap permeance function needs to be 
extracted. In this condition, the magnetic flux density wave has 




a minor reduction on the specific pole pitch. This means that the 
air-gap is not constant, but we can consider that its length is 
increased in that particular magnet pitch—the magnet moves, 
which means that this increased air-gap length rotates with the 
mechanical rotational speed.  
In Fig. 2, the air-gap length and the relative permeance is 
shown along a circle in the mid radius of the magnets under 
healthy and partial demagnetization conditions. When the 
magnet is demagnetized, the air-gap increases with the fault 
severity, and it can be represented as D=εg where ε>1 is a factor 
corresponding to the increment and D can be considered a factor 
which is related directly to the fault severity. Moreover, the air-
gap permeance in the same angle-pitch will be reduced by ε΄Λ 
since fewer magnetic lines will remain in that area. Utilizing the 
aforementioned logic, the air-gap under partial demagnetization 
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where the last term of the above equation is a constructed pulse 
wave using Fourier series, which moves with the mechanical 
rotational speed ωr, as the demagnetized magnet does.  
 
Fig.  2.  The air-gap length along the periphery at a mid radius of the PMs and 
the air-gap permeance, under healthy and demagnetized conditions. 
 
The relative permeance function under partial demagnetization 
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 (11) 
The above equation has been formulated in such a manner to 
be expanded using the binomial Taylor series. After its 
expansion, the eventual relative permeance function having 
one pole pitch demagnetized is: 
 
      
1
( , ) ( ) ( ) cosdemag r
k
t a D D k k t    


            (12) 
where β, and γ are two constants depending on the generator 
parameters and partial demagnetization factor, and are given in 
the appendix. It should be noted that β(0)=γ(0)=0. The MMF 
can be represented using Fourier series similarly using equation 
(3) with the only difference that the amplitude of every 
component will be different due to the demagnetization. After 
employing (4) again, and taking into consideration equation 
which connects the rotational speed with the electrical speed 
(13), the air-gap magnetic flux density wave with the fault 
embedded can be calculated as follows: 
                                       sr
p

                                          (13) 
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   (14) 
After substituting equation (14) into (6), integrating along the 
middle air-gap facing three coils or four-pole pitches the first 
term of (14) will be cancelled and afterwards differentiating 
with respect time using (7), yields: 
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(15) 
The EMF induced in the supplemental winding will have 
additional time-harmonic components under a stationary 
rotational speed, which depends on the pole pair number of the 
AFPM generator. These additional harmonic components have 
amplitudes which are increasing with the degree D2+D, 
according to the appendix, and their frequencies are: 
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                                (16) 
where ν=2μ+1 is a positive odd number as μ=0,1,2,… and 
k=1,2,3,….The amplitudes with frequency patterns given by 
(16) of the voltage on the additional winding, normalized by the 
speed, can be used as a fault indicator as these amplitudes 
depend on only the fault severity, which gives the major 
advantage of monitoring for the specific fault under variable 
speed conditions. 
C. EMF Induced in a phase winding due to partial 
demagnetization 
For an AFPM generator with in-series coils of a phase, the 
EMF induced in an entire phase can be calculated by adding the 
instantaneous values for every coil separately distributed in 
space, the generalized equation is the following: 
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where, ξ=1,2,.., Ncs, and Ncs is the total number of coils which a 
phase contains. The specific generator has 4 parallel paths in an 
8 coil phase winding, so according to the above equation, the 
partial sums for ξ=1 and ξ=2 should be used for the calculation 
as the other coil pairs will have equal voltages due to their 
electric parallel connection. All coils will have the harmonics 
of equation (17), but these harmonics are in various phases with 
each other due to the spatial distribution of coils along the 
generator’s periphery. Afterwards, depending on the way that 
these coils connect with each other, the components related to 
the partial demagnetization fault may cancel with each other or 
affect their amplitudes depending on the winding configuration. 
This means that these amplitude components are influenced by 
the way that coils of a phase are connected, and a PM machine 
with different winding connections will have different 
outcomes on these fault signature components [16]. Therefore, 
(17) shows that alterations in partial demagnetization cannot be 
identified with high reliability by monitoring the EMF or the 
load voltage in a phase winding. 
D. Analytical prediction of the demagnetization severity 
In this subsection, the level of demagnetization is calculated 
theoretically using the geometry of the supplemental winding. 
According to [26], in an AFPM machine with two rotor discs, 
the main magnetic field lines that induce the armature voltage 
are between the opposite magnets in the discs. There are also 
field lines that flow between the adjacents magnets of each disc, 
and these also contribute to the voltage generation. 
Additionally, there is the PM rotor leakage field, which contains 
all the lines which do not penetrate through the stator coils and 
the stator leakage field, which does not contribute to the 
interaction with the main PM rotor field. 
When all magnets are healthy, the vector sum of magnetic 
flux which penetrates through the search coil is zero, which 
means that there is no voltage induction. For every arbitrary 
angle of the rotating magnetic field, the total magnetic flux 
crossing through the additional winding will be zero too. When 
at least one magnet is demagnetized, the number of the 
magnetic flux lines in a single-pole pitch reduces, and as this 
magnet transits through the search coil,  the vector sum of the 
magnetic flux ceases to be zero. As a result, an alternating 
voltage is generated on the terminals of the search coil. The 
currents in three coils are in a 120o phase difference, which 
means that the magnetic flux of each coil also has the same 
phase difference, hence the resultant magnetic flux, which 
crosses through the supplemental winding is zero due to the 
armature under healthy conditions. 
Fig. 3 illustrates the 2-D view geometry of the additional 
winding, which occupies 4 pole pitches and 3 coil pitches along 
the generator periphery, for a specific rotor position. The 
magnetic field waveform, which corresponds to each magnet on 
that arbitrary position, is also presented. The last permanent 
magnet on the same figure is demagnetized, and this was 
modeled by the reduction of the magnetic field on that specific 
pitch. 
The fundamental harmonic of the flux density wave at a time 
instant can be written as follows [27]: 
                               ( ) singB B p                                  (19) 
where Bg is the magnetic field density amplitude of the wave in 
the middle o fthe air-gap point where the additional winding is 
located. This value depends on the magnet height, hPM, air-gap 
thickness, which in this coreless AFPM generator is given by 
(1) and from the relative recoil permeability of the PM, μrrec.  
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According to Fig. 3, an angle element on the additional 
winding occupies a surface element dS, and through this 
surface, an element magnetic flux element penetrates from it. 
The surface element of one pole pitch is given as follows [27]: 
                                   dS r dr
p

                                     (22) 
 By substituting into (6), (19) and integrating in the 
counterclockwise direction along the air-gap facing the 
additional winding when the magnetic flux density wave is in 
the position of Fig. 3, yields the following integral summation: 
(1 ) ( ) ( )
2 2
( )











B rdr B rdr
p p








   
 
   
 




        (23) 
The magnetic flux is positive when the vector of magnetic flux 
density has the same direction with the perpendicular vector of 
the surface element and negative when their directions are 
opposite. By calculating the above definite integral summation 
and considering θ=ωrt due to the rotor rotation, the fundamental 
harmonic component of the magnetic flux as a function of time 
on the additional winding is obtained, as follows: 
                 
2 2( ) ( ) sin( )
8
o i g st D r r B t
p

                 (24) 
When the demagnetized magnet passes region of the sensor, 
an oscillation is induced with an amplitude, which is 
proportional to the demagnetization severity. By employing (7) 
all over again, for the specific additional winding with Nsw 
turns, and applying (13), the induced voltage is estimated as 
follows: 
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          (25) 
It is worth mentioning that under fault condition, the currents 
in the 3 coils that the supplemental winding  spans, are no 
longer symmetrical, so the resultant magnetic flux that 
penetrates is non-zero. Since the generator does not have a 
stator core, it is anticipated that this parasitic effect will not have 
a strong influence as these generators have a negligible 
armature reaction field [26].  
 
Fig.  3.  The supplemental winding along with the 4 pole and 3 coil pitches and 
the magnet flux density wave that corresponds to that rotor angular position 
E. Proposed monitoring signal for partial demagnetization 
detection 
In this subsection, we propose a signal for monitoring the 
detection of partial demagnetization in AFPM generators. The 
amplitude of the EMF in a PM generator with a coreless stator 
is linearly proportional to the rotational speed. Therefore, we 
propose a fault detection signal in which its shape is used as a 
fault indicator and its peak-to-peak value is used as fault 
severity estimator, as follows: 









                                 (26) 
Under stationary speed conditions, the rotational speed is 
steady, so it is constant in the above equation. When the rotor 
of the generator has a varying speed carrying one PM 
demagnetized in one of its rotors, the signal will remain at the 
same amplitude due to the speed normalization. Moreover, the 
fault under nonstationary speed conditions may be diagnosed 
using the amplitude sideband components of the same signal, 
which are given by (15) normalized by the rotational speed ωr, 
using the frequency components with the pattern of (16). 
F. Identification of the partial demagnetization from static 
and dynamic axis and angular eccentricity conditions 
This section demonstrates the analytical derivation of the 
expected signals, which will be induced on the supplemental 
winding (sensor) if an eccentricity fault takes place. The term 
angular eccentricity means the angular rotation of at least one 
rotor disc around an axis other than the rotational one [21]. A 
thorough analysis of the defition of both angular and axis 
eccentricity has been done in [28], [29]. Great care should be 
given since  the term misalignment usually refers to alignment 
quality between motor and load in radial-flux machines, and not 
the stator and rotor position. Thus we have avoided to use the 
term misalignment to describe the two types of eccentricity 
faults that take place in axial-flux machines. The angular 
dynamic eccentricity of a rotor is a condition, where the 
minimum of the air-gap rotates with the mechanical speed, 
while the airgap is unequal around the circumference. Axial 
eccentricity has the same concept but the direction of 
eccentricity but the parallel displacement of rotor in relation to 
the stator now moves with the mechanical speed. As a result, 
the voltage on the supplemental winding will consist of 
continuous oscillations during the whole mechanical period. On 
the other hand, under a static eccentricity fault the air-gap 
becomes non-uniform. A voltage will be induced in the sensor 
coil, which depends on the relative position between sensor and 
eccentricity,  but the signal will be without oscillations.  
The analytical formulae for the fault detection signal can be 
developed by substituting the respective air-gap function for 
each case in the the permeance function. Eventually, the voltage 
induced in the supplemental winding under dynamic 
eccentricity is: 
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(27) 
and for static eccentricity the voltage in the supplemental 
winding is:  






























































From the two above equations the following conclusions may 
be made. The various faults induce unique voltages in the 
supplemental winding so this method can be used to distinguish 
the faults. Moreover, (15) and (27) show that specific harmonic 
components will be induced in the flux sensor and which are 
multiple of the inverse pole pair number. However, the partial 
demagnetization is an abnormality which is not continuous but 
happens only in the vicinity while the faulty magnet crosses the 
sensor. The aforementioned show that partial demagnetization 
and dynamic eccentricity faults can be detected by monitoring 
the peak-to-peak value of the speed-normalized voltage of the 




sensor while it is impossible to mistake static eccentricity for 
either partial demagnetization or dynamic eccentricity. 
III. FINITE-ELEMENT ANALYSIS AND EXPERIMENTAL 
VALIDATION OF THE MODEL 
A. Analysis of the partial demagnetization fault and 
experimental validation of the healthy model 
The AFPM generator and the supplemental winding within 
its air-gap is modelled using a 3-D FEA commercial software 
package. Fig. 4(a) illustrates the experimental rig of the AFPM 
generator and Fig. 4(b) graphs the phase voltage. The blue line 
is the data extracted by the FEA model, and the red line is the 
phase voltage of the actual generator. This procedure was used 
to validate the model against the real machine. Fig. 5 shows the 
model of the three-phase AFPM generator in an exploded view 
to demonstrate the supplemental winding, which is wound 
along 3 stator coils. This coil sensor is designed according to 
the PM geometry with the purpose of obtaining optimized 
results. The winding of the generator is non-overlapping with 
coil sequence A-B-C. The major specifications, along with the 
ones that will be required for analytical calculation of the partial 
demagnetization factor, are archived in Table I.  
Fig. 6 displays two instants in time with 60% partial 
demagnetization of the axial component of the magnetic flux 
density value, where the fault detection signal receives its 
maximum value. The influence of parallel paths creates 
different values for each magnet due to the different current, 
which flows in every armature coil for the specific winding 
configuration. In Fig. 7(a) the no-load axial magnetic field 
component along a pitch in the middle of the air-gap is plotted 
for 0-100% demagnetization in incremental steps of 10%. The 
purpose was to validate that the reduction on the magnetic flux 
density is linear as there are two magnets in each pitch and that 
the additional components derived in (15) do not affect the 
degree of reduction. 
The BH characteristic remained linear in the second quadrant 
for all demagnetization states. In Fig. 7(b) the on-load axial 
magnetic flux density component along a circle for 50% partial 
demagnetization is demonstrated for two rotor positions, which 
corresponds to positions where the fault detection signal takes 
its maximum value. The purpose is to investigate the magnetic 
field magnitude distortion due to the armature reaction which 
the circulating currents create. It appears that the parallel path 
connections create currents that distort the magnetic flux 
density wave and cause its value to fluctuate according to the 
specific winding configuration. As a result, a mean value for the 
magnetic field magnitudes should be employed for the 
analytical calculation. The demagnetization fault was emulated 
by reducing the slope of the BH characteristic in the second 
quadrant.  
In Fig. 8a the fault detection signal during the interval where 
a magnet crosses the sensor, is plotted for 10 different 
demagnetization severities in increments of 10%. The peak to 
peak value increases with the increase in the fault severity level, 
followed by a lower peak to peak amplitude increments. This 
means that a selection of peak-to-peak magnitude values can be 
used as a fault index since the magnet with the specific 
supplemental coil pitch creates multiple oscillations. Fig. 8b 
presents the fault detection signal for 50% and 100% 
demagnetization when the generator has no parallel paths. From 
the aforementioned it can be concluded that the parallel paths 






Fig.  4.  (a) Experimental test rig of the AFPM generator to validate the FE 
model, (b) phase voltage waveform at 100 [r/min] of FE (blue) model and the 
experimental one (red). 
 
 
Fig.  5.  Exploded view of the AFPMGs’ FE model with the additional winding 
(1) Rotor disc, (2) PM, (3) armature coil of winding, and (4) the supplemental 
winding. 
 
Fig. 9 illustrates the fault detection signal in time and 
frequency domain for healthy and two demagnetization cases 
for a mechanical period. The dB normalization settled with base 
TABLE I 
MAJOR SPECIFICATIONS OF THE AFPM GENERATOR 
Parameter VALUE 
  
Apparent Power  [kVA] 12.52   
No-load voltage line-to-line RMS [kV] 3.86   
Rotational speed  [r/min] 375   
Pole pairs/ Coils 16/24   
Turn number of an armature/supplemental coil 640/1   
Winding connection Y   
Number of Parallel Paths 4   
Magnet-coil clearance  [mm] 3.5   
Magnet remanence  [T] 1.247   
Inner/Outer magnet radius  [mm] 300/460   
 




1 [mVsec/rad] and not with the fundamental harmonic as it is 
negated due to the supplemental winding topology. 
 
Fig.  6.  Field view for rotor position where the voltage on the fault detection 
signal receives its maximum and minimum value. 
 
(a)                                                         (b) 
Fig.  7.  Axial component of (a) the no-load magnetic flux density wave for 10 
demagnetization severities with 10% step reductions and (b) on-load magnetic 





Fig.  8.  Fault detection signal (a) for various demagnetization severity levels of 
a PM with 4 parallel paths and (b) with no parallel paths for healthy, 50% and 
100% demagnetization of a PM.  
 
Under healthy conditions, the signal is approximately zero as 
shown in Fig. 9a (left graph). There is a small fluctuation caused 
by the armature reaction end-winding leakage field. Regarding 
the cases in which a PM was demagnetized for about 40 (Fig. 
9b) and 80% (Fig. 9c), oscillations are generated, which depend 
on only the demagnetization level. This happens because the 
voltage signal is normalized with speed, and under healthy 
conditions, the signal approaches zero. With the rise in 
demagnetization severity, the magnitude of the peak-to-peak 
magnitude of the oscillation increases linearly. Lastly, the 
amplitude sidebands with the pattern given by (16) are 
increased with the demagnetization severity, and their alteration 
is nonlinear and was theoretically proven by (15).  
In Fig. 10 the alteration of the normalized peak-to-peak 
summation magnitudes for each demagnetization factor is 
presented. The peak-to-peak value of the fault detection signal 
can be used as a fault index for partial demagnetization 
detection. The design parameters can be obtained by consulting 
Table I, and the air-gap magnetic flux density can be obtained 
by means of (21), equal to 0.582 [T].To estimate the fault 
severities for the cases of Fig. 8b which the machine is under 
and 50% and 100% partial demagnetization we substitude the 
peak-to-peak amplitude of the fault detection signal in (25) and 
we obtain 45% and 86% estimation.  As a result, the extraction 
of the peak-to-peak value of the sensor output signal over time 
and the consideration of the basic machine parameters, can lead 
to the estimation of the fault severity level. 
 
As shown earlier, due to the parallel-path winding 
configuration, a further deviation is caused by the analytical 
model due to the additional oscillations, which slightly reduce 
the peak-to-peak value of the fault detection signal. However, 
the peak-to-peak value can still give a decent approximation for 
the fault severity level. 
 
In Fig. 11a, 11b and 11c the fault detection signal is displayed 
for healthy 40% and 80% partial demagnetization in time (left) 
and time-frequency domain (right) under an acceleration of 100 
[rpm] in 0.9 seconds starting at a speed of 250 [rpm]. Fig. 11(a) 
and 11(b) (left columns) validate that the peak-to-peak 
amplitudes of the fault detection signal remain steady under this 
state. Moreover, the right columns in Fig. 11 show that the 
frequency trajectories of the fault harmonics remain steady as 
the speed increases, and their magnitudes increase only with the 
fault severity. 










Fig. 9.  Fault detection signal in time (left column) and frequency (right column) 
domain under (a) healthy (b) 40% and (c) 80% partial demagnetization 
conditions. 
  
Fig. 10. Peak-to-peak magnitudes of the fault detection signal for 10 









Fig.  11.  Fault detection signal under a transient rotor speed in time (left) and 
time- frequency domain under (a) healthy (b) 40% and (c) 80% partial 
demagnetization conditions. 
  
                     (a)                                                                 (b) 
Fig. 12. (a) Model of the axial-flux generator with the search-coil and (b) fault 
detection signal under healthy condition when the generator rotates at 
1000[rpm]. 
 




B. Impact of the other faults on the proposed signal 
In this subsection, the axis and angular eccentricity faults are 
extracted using 3-D FEA in an axial-flux generator with 
purpose to achieve a discrimination with the partial 
demagnetization fault. In Fig. 12a. the model of the generator is 
presented with the air-gap search-coil and the fault detection 
signal for healthy condition, to validate that is zero. The 
generator has 9 coils and 12 poles and has the same type of 
winding with the initial. In Fig. 13 the fault detection signal is 
presented in time domain for the cases of a 70% demagnetized 
model (which is an equivalent of 35%),unbalanced electric load 
in which the current in one phase is four times higher, 20% 
static angular eccentricity, 40% dynamic angular eccentricity, 1 
[mm] static axis eccentricity and 2 mm dynamic axis 
eccentricity. From the figure it can be concluded that for each 
fault the waveform of the signal is unique. As a result, all faults 
can be distinguished with each other except the unbalanced 
electric load fault, since it does have an impact on the search-
coil. Moreover, the dynamic faults can be detected since the 
magnetic flux stays unbalanced on the search-coil along the 
whole mechanical period. The peak-to-peak magnitude can be 
used as a fault index. Lastly, the two dynamic faults induce a 
quite similar waveform on the search-coil. Nevertheless, the 
waveforms are still distinguishable by inspection. 
 
Fig. 13 The speed-normalized voltage signal for all fault cases.
 
IV. CONCLUSION 
This paper proposes a new method for permanent-magnet 
health monitoring of air-cored axial-flux generators designed 
for marine energy applications. The peak-to-peak value of the 
induced speed-normalized voltage on the supplemental winding 
can be used as a fault indicator signal as it depends only on the 
fault severity. Signal processing can also be utilized in order to 
detect the fault using the amplitude-frequency components 
under steady and variable speed states.  
The advantage of this method compared, to a single pitch 
search-coil, is that the fault can be detected without any further 
signal processing since the signal is zero under healthy 
conditions. Moreover, it can detect really low severities since 
the ripple of the signal is negligible. When the partial 
demagnetization fault occurs an oscillation is induced on the 
search-coil in which the peak-to-peak value is connected with 
the demagnetization severity percentage, according to equation 
(25).Under uniform demagnetization, the total magnetic flux 
penetrating the coil is zero, so this technique is only capable of 
detecting a partial demagnetization fault. The single pitch is 
able to detect uniform demagnetization since it senses the 
voltage in each pole pitch.  
The dynamic axis and angular eccentricity faults can also be 
detected, as the fault detection signal will have a different 
waveform, and the peak-to-peak value can be used as a fault 
indication in this case too. This method can be utilized in 
machines in which an additional coil can be implemented, 
where its span will be capable of negating the voltage under 
load conditions. The method is applied ideally when there is an 
even number of pole pitches within the span. If the number of 
pole pitches is not even, the signal under healthy conditions will 
not be zero, and the method requires calibration when first 
implemented. The method which has been demonstrated in the 
paper can easily be applied to both axial and radial flux PM 
machines after careful determination of the sensor span, such 




that the induced voltage due to the rotor and stator magnetic 
fields is negated. 
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